[1] This paper proposes diagnosis methods to trace the magnetic merging line and to calculate the electric potential along it for Earth's magnetospheric magnetic fields obtained by global magnetohydrodynamic (MHD) simulations of the solar wind-magnetosphereionosphere (SMI) system. The points with minimum magnetic field strength along last closed magnetic field lines and properly selected closed field lines are combined to trace the whole merging line, and the radial ray integration of convectional electric field is used to calculate the electric potential on the merging line. The diagnosis methods are then applied to magnetospheric magnetic fields associated with different interplanetary magnetic field (IMF) clock angles, and a preliminary analysis is presented on the clock angle response of the geometry of the merging line and the associated reconnection voltage. The merging line is found to be similar in geometry to that of the compound field superposed by the Earth's dipole field and the IMF, whereas the reconnection voltage is approximately fitted by sin 3/2 (q IMF /2) for its response to the IMF clock angle q IMF . The ionospheric transpolar potential and the voltage along the polar cap boundary show different dependence from that of the reconnection voltage, so it is not justified to take them as substitutes for the reconnection voltage. The length of the sunward merging line between the two peaks of reconnection potential shows a nonmonotonic variation in response to q IMF , peaked at q IMF = 90°, so it is also not justified to take electric fields along the merging line, however defined they may be, to characterize the total reconnection rate and the coupling strength between the solar wind and the magnetosphere. The reconnection nearby magnetic nulls closest to the subsolar point is found to be negligible, which gives support to the component reconnection hypothesis for dayside reconnection of quasi-steady states of the SMI system.
Introduction
[2] Magnetic reconnection has been considered to be the main means for the dynamic coupling between the solar wind and the Earth's magnetosphere [Raeder, 2003] . A vast amount of studies were made to seek a quantitative relation between the magnetopause reconnection and the solar windmagnetosphere coupling. The reconnection rate was often measured by an effective electric field E r , and then the reconnection voltage is estimated via multiplying E r by an effective length l 0 of the magnetic merging line on the sunward side. Efforts were made to express E r and l 0 in terms of the solar wind and interplanetary magnetic field (IMF) parameters, and the resultant formulas are more or less empirical. For instance, l 0 was estimated from either a pressure balance between the solar wind and the magnetosphere [Ridley, 2005] or a simple inverse proportionality to the cube root of B IMF [Newell et al., 2007] . As far as E r is concerned, Sonnerup [1974] derived an expression based on the component reconnection theory: E r = kv A B IMF sin (q IMF /2), where k is the magnetic merging rate, B IMF is the IMF strength, q IMF is the IMF clock angle, and v A is the Alfvén speed based on B IMF . Kan and Lee [1979] recognized a previously overlooked geometrical relationship between the reconnection electric field and the magnetic field, and derived E r = v sw B IMF sin 2 (q IMF /2), which does not depend on the merging rate and is referred to as the Kan-Lee electric field in the literature. The advantage of this formula is to directly express the reconnection electric field in terms of the solar wind and IMF parameters, independent of the magnetohydrodynamic (MHD) steady reconnection theories. They further calculated the power associated with the electric field, and showed that it is approximately propor-tional to the energy coupling function proposed by Perreault and Akasofu [1978] . In the derivations of E r mentioned above, the magnetic fields on the two sides of the magnetopause are assumed equal in magnitude but different in direction. For asymmetric antiparallel reconnection in which the magnetic fields on the two sides of the magnetopause are different in magnitude, Cassak and Shay [2007] derived a scaling law for the reconnection rate, which expresses the reconnection rate in terms of the local plasma parameters near and the geometry of the inflow and outflow to the reconnection site. Borovsky [2008] further applied the Cassak-Shay formula to the dayside reconnection of the magnetosphere and expressed the local parameters near the reconnection site and thus the reconnection rate in terms of upstream solar wind parameters. Using global MHD simulations of the solar wind-magnetosphere-ionosphere (SMI) system with local high resistivity on the nose of the magnetopause, Borovsky et al. [2008] calculated the reconnection electric field over there and compared it with the prediction by the Cassak-Shay formula, and concluded that this formula successfully describes the reconnection rate on the dayside magnetopause for due southward IMF cases. Moreover, they found that the reconnection itself does not significantly modify the local parameters near the nose of the magnetopause and the flow pattern of the magnetosheath. Observables, such as the ionosphere transpolar potential and some indices characterizing the state of the magnetosphere, were used to test various coupling functions which involve the reconnection electric field [cf. Shepherd, 2007; Newell et al., 2007] .
[3] Global MHD simulations of the SMI system open a valuable way for quantitative studies of the magnetopause reconnection and its relation to the solar wind-magnetosphere coupling. The reconnection is described by the tangential electric field at the magnetic merging line, defined as the separator between the IMF lines and the geomagnetic closed field lines; the electric potential along this line is referred to as reconnection potential hereinafter. The electric field derived directly from the reconnection potential describes the reconnection rate of unit length of merging line, or the local strength of magnetic reconnection, whereas the total reconnection potential drop, or in brief, the reconnection voltage, represents the total reconnection rate. In order to achieve a quantitative description of the reconnection by global MHD simulations, one has to determine the merging line and calculate the electric potential distribution along it.
[4] If the IMF is due southward, the merging line is simply a zero contour of magnetic field strength in the equatorial plane. A magnetic field superposed by a dipole field and a uniform field of arbitrary orientation was often used to mimic the topology of the Earth's magnetospheric magnetic field, and its merging line is simply a great circle of a sphere [Yeh, 1976] . For real magnetospheric magnetic fields, the merging line should be a closed space curve which encircles the Earth. Attempts were made to find the merging line of quasi-steady magnetospheric magnetic fields obtained by global MHD simulations. Fedder et al. [1995] identified the merging line with the intersection between the magnetopause and the topological separatrix between the IMF lines and the inmost open field lines that connect to the ionosphere. They showed the IMF lines for different IMF clock angles in their Plates 1 and 2, from which one can see the merging line by the naked eye. Nevertheless, they did not display the merging line explicitly, and only the angle between the topological separatrix and the IMF was measured. For a precisely duskward IMF case, Siscoe et al. [2001] did find the sunward part of the merging line explicitly, which was identified with the middle part of the last closed field line that comes closest to the two magnetic nulls. Using a similar method, Dorelli et al. [2007] located the merging line for a generic northward IMF case with an IMF clock angle of 45°.
[5] Recently, multispacecraft in situ observations were used to infer the global geometry of the magnetic merging line, or X line as often termed in the literature (see a brief review by Paschmann [2008] ). For instance, Phan et al. [2006] used the Geotail and Wind data during stable dawnward dominated IMF to infer the presence of a tilted X line hinged near the subsolar point and spanning the entire dayside magnetopause. On the basis of a statistical study of 290 fast flow events measured by Double Star/TC-1 in low latitudes and Cluster in high latitudes, Pu et al. [2007] suggested that a possible S-shaped X line exists for generic dawnward IMF cases. The configuration of the merging line inferred from these observations is consistent with the prediction from the component reconnection hypothesis.
[6] Once the merging line is found for a specific magnetospheric magnetic field, the next step is to calculate the tangential electric field along it so as to determine the distribution of the reconnection rate and its integration along the merging line, i.e., the reconnection voltage. Fedder et al. [1991 Fedder et al. [ , 1995 determined the reconnection voltage from projections of the ionospheric potential contours on the open-closed field boundary, in which the field lines were tacitly assumed to be equipotential. As pointed out by Kan and Lee [1979] , Siscoe et al. [2001] and Hu et al. [2007] , however, a parallel electric field exists along the field lines that pass through the reconnection site, so the mapped ionospheric potential cannot be used to directly measure the reconnection potential. Siscoe et al. [2001] calculated the reconnection potential along the merging line instead of the mere reconnection voltage. The method was an integration of parallel electric field along magnetic field lines that touch the merging line. Using this method, they obtained the reconnection potential for a due duskward IMF case, and found a large parallel potential drop along the field lines that connect the ionosphere with the null points and a dip of electric field profile along the merging line across the equator. Hu et al. [2007] proposed three methods, which are all based on the curvilinear integration of electric field and differ in the choice of the reference potential and integration path. For due southward IMF cases, they found the differences among the answers via different methods to be within 20% when an equivalent numerical resistivity is carefully selected. In particular, one of these methods takes radial rays that connect the inner boundary (r = 3 R E , R E is the Earth's radius, taken to be the unit of length hereinafter) with the merging line as the integration path, and the potential at the inner boundary as the reference potential, which is set to be the potential at the footpoints in the ionosphere of the Earth's dipole field lines that pass through the inner boundary. It happens that the obtained reconnection potential is largely determined by the convectional electric field E = Àv Â B in the magnetosphere. Therefore, the knotty problem of appropriate choice of an equivalent numerical resistivity was circumvented. For due southward IMF cases, they found that the reconnection voltage shows a nearly linear relation to the total ionospheric region 1 current as the ionospheric transpolar potential does.
[7] This paper proposes a method to quantitatively determine the geometry of the whole merging line, which is applicable for arbitrary IMF clock angles. The radial ray integration method proposed by Hu et al. [2007] is then used to calculate the reconnection potential along the merging line. The magnetic field and the electric field are also evaluated along the merging line, and a preliminary analysis is presented on the physical meaning of the results with emphasis on the distribution of the reconnection rate along the merging line and the reconnection voltage, and their dependence on the IMF clock angle.
Simulation Method
[8] The PPMLR-MHD code developed by Hu et al. [2005 Hu et al. [ , 2007 is used to make global MHD simulations of the SMI system. It is an extension of the Lagrangian version of the piecewise parabolic method (PPMLR) developed by Colella and Woodward [1984] to MHD. We point out especially that in smooth flow regions, this code has a very low numerical dissipation that is one order of magnitude smaller than ordinary codes [cf. Colella and Woodward, 1984] .
[9] All numerical runs are made under the following simplifying assumptions: (1) the solar wind is along the Sun -Earth line with a speed of 400 km À1 , (2) the solar wind number density and thermal pressure are fixed to be 5 cm À3 and 0.0126 nPa, respectively, (3) the IMF lies in the plane perpendicular to the Sun -Earth line, 10 nT in strength, with a clock angle of q IMF that is adjustable, and (4) the ionosphere is assumed uniform with a fixed Pedersen conductance of 5 S and a zero Hall conductance. Simulation continues for more than 5 h in physical time for each run until a quasi-steady state is reached for the SMI system.
[10] The solution domain is taken to be À300 x 30 and À150 y, z 150 in terms of the GSE coordinates. It is discretized into 160 Â 162 Â 162 grid points: a uniform mesh is laid out in the near Earth domain of À10
x, y, z 10, 0.4 in spacing, and the grid spacing outside increases according to a geometrical series of common ratio 1.05 along each axis. An inner boundary of radius 3 is set for the magnetosphere in order to avoid the complexity associated with the plasmasphere and strong magnetic field. The reader is referred to the paper by Hu et al. [2007] for more details of the numerical method.
Determination of the Merging Line
[11] We first describe the method of determination of the geometry of the merging line for magnetospheric magnetic fields obtained by simulations. As we know, the merging line is closely related to the last closed field lines: it lies in the separatrix spanned by these field lines and actually consists of two critical field lines on the separatrix that meet at the nulls. The magnetospheric magnetic field has at least two magnetic nulls, one in the northern hemisphere being type A or A S (spiraling-in null) and the other in the southern hemisphere being type B or B S (spiraling-out null), and the merging line passes through the two nulls [see Lau and Finn, 1990] . In principle, by drawing all last closed field lines, one can figure out the geometry of the merging line [Fedder et al., 1995] or find an appropriate closed field line to approximate part of the merging line [Siscoe et al., 2001] .
[12] Now we propose a method to trace the whole merging line. The method is still based on the relation between the merging line and last closed field lines. First, we draw last closed field lines starting from the inner boundary (r = 3) in both northern and southern hemispheres, and the starting points are uniformly disposed in longitude at a constant interval of 4°. Each field line is traced by the fourth-order Runge-Kutta method with a step arc length 0.1 (R E ). For a given longitude of the starting point, a last closed field line is obtained by iteration with an accuracy of 10 À4 degree in the latitude of the starting point. A last closed field line thus obtained must touch the merging line at a certain point, where the magnetic field strength is assumed to be a minimum. On this basis, we seek the point with minimum magnetic field strength for each last closed field line, and regard it as a point right on the merging line. Hereinafter, we refer these points to as ''touch points'' and the method for the diagnosis of the merging line, ''touch point method.'' Next, to justify this method, we apply it to a compound field produced by a superposition of the Earth's dipole field and B IMF :
where B IMF is the IMF strength, q IMF is the IMF clock angle, i.e., the angle between the z axis and the IMF, and e y and e z are unit vectors along the y and z axis, respectively. Yeh [1976] presented a complete analytic analysis of the topology of the compound field, and the main results of interest are summarized below. The compound field has two magnetic nulls in the dawn-dusk meridional plane (y -z plane) at r = r N and l (latitude) = ±l N with
where B 0 (= 3.12 Â 10 4 nT) is the dipole field strength at the Earth's equator. Both r N and l N decrease monotonically with increasing q IMF . For B IMF = 10 nT, r N decreases from 18.4 to 14.6 and l N decreases from 90°to 0°as q IMF varies from 0°to 180°. The merging line of the field is a great circle on the sphere of radius r N , passing through the two nulls and expressed by
where 8 stands for the longitude, ranging from À180°to 180°, positive on the dusk side and negative on the dawn side, and 8 = 0 corresponds to the subsolar point.
[13] Figure 1 shows the merging line in terms of the profiles (solid curves) of r and l versus 8 for several typical values of q IMF , expressed by equation (4). The open and solid circles represent the touch points of the last closed field lines, sampled every 20°(instead of 4°for clarity) according to the longitude of the starting points of the field lines. Note that solid circles are used merely for the q IMF = 180°case for clarity. We can see an apparent systematic deviation of the r coordinates of the touch points from the analytic solution, all touch points being below the corresponding merging lines except for the q IMF = 180°c ase, in which the touch points almost exactly follow the analytical merging line with a nearly uniform distribution. The maximum deviation is 0.5 (R E ), which appears for the q IMF = 120°case. Nevertheless, each of the two nulls, located at 8 = ±90°, is well captured by one of the touch points: the deviation from r N is within 0.02 (R E ) for all cases. Moreover, the touch points trace the l-8 profiles quite well, as clearly seen in Figure 1 (right). The deviations from the merging line are all smaller than 1°i n the l coordinates, and the nulls are also well captured: the deviation from l N is within 0.4°for all cases.
[14] Another problem associated with the touch point method is concerned with the concentration of the touch points on the nulls: those for field lines starting from the northern hemisphere on the southern null and those for field lines starting from the southern hemisphere on the northern null. As a result, the touch point method can only trace part of the merging line around the nulls in most cases, and leave several spaces between adjacent nulls, in which no touch points appear. However, such a problem can be solved by selecting appropriate closed field lines to fill up these spaces. In the following, a space is identified between two adjacent touch points, which are separated by more than 10°i n longitude. Suppose that such a space is bordered by two touch points, A and B, say, for the compound field with q IMF = 90°, as shown by solid circles in Figure 2 in terms of their projections in the r-8 and l-8 planes. The last closed field line passing through point A is called line a, and that passing through point B, line b. In general, line a does not exactly pass through point B, and line b does not exactly pass through point A. As seen from Figure 2 , the two field lines are close to each other, so any of them may be used to fill up the space as a part of the merging line. Nevertheless, we have an opportunity to make a better choice. To this end, we find a point A 0 on line a, denoted by cross sign in (4) for reference.
[15] A merging line thus obtained is shown in Figure 3 for the compound field with q IMF = 90°in terms of the r-8 and l-8 profiles. The cross signs represent the touch points which gather in the vicinity of the two nulls, and the thick dashed lines are the properly selected parts of last closed field lines that fill up the two spaces, one on the sunward side and the other on the tailward side. A thin solid line is drawn in each plot to show the analytic solution, given by equation (4). The l-8 profile of the merging line is well reproduced as expected (Figure 3, right) , whereas apparent deviations appear in the r-8 profile nearby the two magnetic nulls located at 8 = ±90° (Figure 3, left) . The deviations stem from taking the point with minimum magnetic field strength along the last closed field line as the ''touch point.'' As a potential field, the compound field is smooth everywhere. A last closed field line touches the merging line at its apex, where the magnetic field strength is not necessarily a minimum on the field line. In other words, the point with minimum magnetic field strength on a last closed field line tends to shift toward a magnetic null so as to slightly deviate from the merging line. Therefore, while the selected last closed field lines and the touch points form a continuous profile of r versus 8, a sawtoothed structure appears around each null, as shown in Figure 3 (left) . Nevertheless, such a defect of the touch point method is largely mitigated while applying to the magnetospheric magnetic field, which is nonpotential with a steep variation of magnetic field strength across the merging line. In this case, the magnetic field strength is close to a minimum at a ''true'' touch point between the merging line and the last closed field line, so the touch point method turns out to be essentially applicable to magnetospheric magnetic fields obtained by global MHD simulations. We will demonstrate this conclusion in more detail below.
Diagnosis of Reconnection Potential
[16] Now we turn to the diagnosis of the reconnection potential along the merging line of the magnetospheric magnetic field. As mentioned in section 1, we integrate the convectional electric field (E = Àv Â B) along a radial ray from the inner boundary (r = 3) to a certain point P on the merging line to get the reconnection potential F R at P:
where r p is the geocentric distance of point P, and F c is the potential at the intersection point between the radial ray and the inner boundary, which equals the potential at the footpoint in the ionosphere of the Earth's dipole field line through the intersection point. Physically, this reflects the fact that the plasma convection in the magnetosphere is driven by magnetic reconnection, and that we have neglected the effect of numerical resistivity and viscosity in the magnetosphere. Hu et al. [2007] used a similar method but incorporated the effect of numerical resistivity in calculating the reconnection potential for due southward IMF cases, and found that the effect of the numerical resistivity is small, being essentially negligible on the sunward part of the merging line. This somewhat justifies the radial ray integration method, in which only the convectional electric field be considered. As a further test, we take a radial ray that starts from some point in the undisturbed solar wind region, and integrate the convectional electric field along the radial ray in the direction toward the merging line, and the reconnection potential thus obtained is denoted by F 0 R . The relevant integration expression reads
Here r sw is the geocentric distance of the starting point in the undisturbed solar wind region, at which the potential F sw is given by
where y and z are the coordinates of the starting point in the undisturbed solar wind region. The integration path goes through the solar wind and magnetosheath, in which numerical resistivity and viscosity are assumed to be negligible, as they have been assumed in the magnetosphere. We compare F R and F 0 R in Figure 4 for the q IMF = 90°case. The F 0 R profile (thick dashed curve) terminates at 8 = ±143°, marked by open circles, because the radial rays beyond these points fail to reach the undisturbed solar wind. The two potentials agree roughly with each other especially on the sunward side, and apparent deviations appear on the tailward side, where the radial ray passes through the magnetotail and cuts across the magnetopause and bow shock obliquely so that numerical resistivity and viscosity within the magnetopause and shock layers may have an important effect on the calculation of F 0 R . Similar conclusions hold for other IMF clock angles. This assures us that the radial ray integration method based on equation (5) is essentially applicable to magnetospheric magnetic fields at least for the calculation of the reconnection potential on the sunward part of the merging line.
Merging Line and Reconnection Potential Versus IMF Clock Angle
[17] In the simulation runs all interplanetary conditions are fixed except for the IMF clock angle, which is taken to be q IMF = 22.5°, 45°, 90°, 135°, and 180°, respectively. Once a quasi-steady solution is obtained, we use the diagnosis methods described in sections 3 and 4 to determine its merging line and the reconnection potential F R along the merging line. Moreover, we may easily calculate the tangential electric field E R from F R , and the magnetic field strength B R along the merging line, from which we may identify magnetic nulls. The results are shown in Figure 5 , where the projections of the merging line in the r-8 and l-8 planes and F R and E R versus 8 along the merging line, respectively, are shown, grouped according to a fixed IMF clock angle q IMF , as labeled at the top.
Magnetic Nulls
[18] Before moving on to examine the geometry of the merging line and the distribution of the reconnection potential, we stop for a moment to discuss the magnetic nulls, which are supposed to be located at the merging line. Let us look at the l-8 plots in Figure 5 , where the magnetic field strength B R along the merging line is shown by thick dotted curves. For the due southward IMF case (q IMF = 180°), B R = 0 everywhere on the merging line lying in the equatorial plane, which implies that the whole merging line is a zero line of magnetic field strength. This belongs to a degenerate situation. For the other cases, we may see from the q IMF = 135°, 90°, 45°, and 22.5°plots that a lot of successive nulls appear in the tailward part of the merging line, which correspond to a current-sheet like structure in the magnetotail. In particular, we mark out the two nulls closest to the subsolar point by vertical dashed lines in all of the q IMF = 135°, 90°, 45°, and 22.5°plots. These magnetic nulls are diagnosed by the following procedures. First, we sweep the merging line starting from its subsolar point in both directions, and seek the closest points with minimum B R , one point on each side. The minimum points thus obtained turn out to have a magnetic field strength smaller than 2 nT for all cases. To assure that one of these minimum points is a null, we find the numerical cuboid cell that contains the minimum point, and calculate the three magnetic field components (in GSE coordinates) at each of the eight vertices of the cuboid cell. As a result, we obtain eight values for each component, which may be either positive or negative. When the minimum and maximum of them are opposite in sign for every component, then the point of interest is identified as a null. The nulls thus obtained have been marked out by vertical dashed lines in all plots except in those for q IMF = 180°, which correspond to the degenerate due southward IMF case. The type of the nulls can be determined by the three eigenvalues of the matrix rB at the null [cf. Lau and Finn, 1990] , which can be evaluated from the simulation data. It turns out that the northern null is type A or A S , and the southern null, type B or B S , as they should be for the magnetospheric magnetic field. This indicates that the two nulls closest to the subsolar point are correctly captured by the obtained merging line. Besides, the r-8 profile of the merging line looks quite smooth except on the tailward side, no sawtoothed structures appear across the two nulls in contrast with the compound field case (see Figure 3 , left). On this basis, we argue that the touch point method along with a proper selection of the last closed field lines for tracing the merging line is essentially applicable to magnetospheric magnetic fields obtained by global MHD simulations. The reason may be associated with the fact that the merging line lies on the magnetopause, where the magnetic field strength undergoes a sharper variation so that the point with minimum magnetic field strength on a last closed field line becomes closer to the merging line. We may then ignore possible deviations of the touch points from the ''true'' merging line within numerical errors.
Geometry of the Merging Line
[19] As seen from the r-8 and l-8 plots in Figure 5 , the merging line is generally a space curve except for the due southward IMF case, in which it lies in the equatorial plane. For comparison, we plot the analytic solutions of the merging line by thick dashed curves for the compound field superposed by the Earth's dipole field and the IMF, expressed by equation (4). The sunward part of the diagnosed merging line looks smooth and steady with time, whereas the tailward part is somewhat irregular especially in the r-8 profile and changes with time. This comes from oscillations of the simulation solutions, which become more serious in the magnetotail [Hu et al., 2005] . We leave it as it is since we are mainly interested in the sunward part of the merging line in this study. The merging line is not equidistant from but closer to the Earth on the sunward side due to the action of the solar wind. The l-8 profiles of the merging line for the two fields look similar especially on the sunward side. To some extent, this justifies the analogy in topology Figure 5 . Magnetic merging line and its distributions of magnetic field strength (B R ), reconnection potential (F R ), and reconnection electric field (E R ) for several separate IMF clock angles (q IMF ). Shown are the r-8 and l-8 profiles of the merging line and the distributions of F R and E R , respectively. The analytic solutions for the merging line of the corresponding compound field are shown by thick dashed curves in the r-8 and l-8 plots. The magnetic field strength distribution is shown in the l-8 plots by thick dotted curves. The vertical dot-dashed and dashed lines mark out the peaks of F R and the magnetic nulls closest to the subsolar point, respectively. A horizontal dot-dashed line displays the zero line of either F R or E R in the F R and E R plots.
between the magnetospheric magnetic field and the compound field.
Reconnection Potential and Electric Field
[20] The reconnection potential (F R ) and the associated reconnection electric field (E R ) are shown in Figure 5 (bottom). Two vertical dot-dashed lines mark out the positive and negative peaks of the reconnection potential, whereas two vertical dashed lines indicate the positions of the nulls closest to the subsolar point in the q IMF = 135°, 90°, 45°, and 22.5°plots, as mentioned above. A horizontal dot-dashed line displays the zero line of either F R or E R .
The difference between the positive and negative peaks of F R is the reconnection voltage V R , i.e., the total reconnection rate. When q IMF decreases, both F R and E R decrease in magnitude and thus V R is reduced. Moreover, a dip appears in the E R -8 profile across the subsolar point, a similar result to that obtained by Siscoe et al. [2001] for the due duskward IMF case. The subsolar dip increases in relative amplitude with decreasing q IMF , and it reaches almost the zero line of E R for the q IMF = 22.5°case, implying that the reconnection rate becomes negligible nearby the subsolar point when the IMF tilts northward. In the presence of a subsolar dip, the peaks of E R shift to high latitudes, but the associated reconnection still belongs to component reconnection, since an appreciable component of magnetic field parallel to the merging line exists at the reconnection site. Nearby the nulls closest to the subsolar point, E R almost vanishes. This means that antiparallel reconnection, which is supposed to take place nearby the nulls, does not actually occur for dayside reconnection of quasi-steady states of the SMI system.
Dependence on the IMF Clock Angle
[21] To clearly depict the dependence of the reconnection rate on the IMF clock angle, we show the q IMF dependence of the reconnection voltage V R in Figure 6a . The ionospheric transpolar potential, V PC , and the reconnection voltage defined by Fedder et al. [1995] on the basis of projections of ionospheric potential contours on the openclosed field boundary, denoted by V RI , are also shown in Figure 6a . Note that the transpolar potential V PC and the projected reconnection voltage V RI have slightly different values in the northern and southern ionospheres according to our simulation results, and here we have taken an arithmetical average to get the final values of V PC and V RI . The three voltages are all normalized to the values for q IMF = 180°, exactly southward IMF. The curves sin 3/2 (q IMF /2), sin 2 (q IMF /2), and sin 3 (q IMF /2) are shown for reference. The three voltages show different responses to the variation of q IMF . For generic southward IMF cases (q IMF > 90°), V PC and V RI are very close to each other, better fitted by the sin 3 (q IMF /2) curve. Reiff and Luhmann [1986] made observational studies based on satellite data and found a linear relation between V PC and sin n (q IMF /2) for B IMF 10 nT, where n = 3 or 4. The former (n = 3) supports our model prediction to some extent. For the generic northward IMF cases (q IMF < 90°), on the other hand, the decrease of the two voltages with decreasing q IMF slows down. V PC seems to approach a finite value as q IMF goes to zero, which may arise from other coupling processes between the solar wind and the magnetosphere [see Fedder et al., 1991] . The reconnection voltage V R comes from a direct calculation of the reconnection potential along the merging line, so it should be more relevant to the coupling between the solar wind and the magnetosphere. As shown in Figure 6a , V R is better fitted by the sin 3/2 (q IMF /2) curve.
[22] The so-called solar wind-magnetosphere coupling function, first proposed by Perreault and Akasofu [1978] , has been used to quantitatively describe the energy coupling between the solar wind and the magnetosphere. Since the coupling is believed to be implemented mainly by magnetic reconnection, one tried to relate the reconnection rate to the coupling function. For instance, Kan and Lee [1979] assumed a proportionality between the coupling function and the square of the reconnection electric field so as to reproduce the coupling function proposed by Perreault and Akasofu [1978] , which has a sin 4 (q IMF /2) dependence on q IMF . The same dependence was reproduced by Laitinen et al. [2007] through directly calculating the reconnection power from global MHD simulation results. However, Newell et al. [2007] inferred a new coupling function from 10 magnetospheric state variables, in which the index is 8/3 instead of 4. Quite interestingly, if we assume a similar relationship between the coupling function and the reconnection voltage as Kan and Lee [1979] did, then the index in the coupling function is 3, which is slightly larger than but close to 8/3 inferred by Newell et al. [2007] .
[23] Figure 6b shows three electric fields associated with the merging line as functions of q IMF : E M , the maximum electric field along the merging line, E A , the mean electric field over the sunward merging line between the two peaks of reconnection potential, and E S , the electric field at the subsolar point of the merging line that was used by Borovsky et al. [2008] to characterize the dayside reconnection rate. The three electric fields are all normalized to the values for q IMF = 180°. Interestingly, the three electric fields show similar patterns of variation with q IMF except that E S decreases more rapidly with decreasing q IMF . However, such patterns differ from that for V R shown in Figure 6a . Therefore, electric fields on the merging line, however defined they may be, are not justified to replace the reconnection voltage in characterizing the coupling between the solar wind and the magnetosphere. The reason is partly associated with another factor which controls the coupling, i.e., the length of the merging line. We calculate the length L of the sunward merging line between the two peaks of reconnection potential, and show its dependence on q IMF in Figure 6c . Note that the mean electric field E A mentioned above is the quotient between V R and L. Also shown in Figure 6c are r S , the geocentric distance of the subsolar point of the merging line, and r N , the radius of the merging line (great circle) for the compound field superposed by the Earth's dipole field and the IMF. All these lengths are normalized to the values for q IMF = 180°. According to equation (2), r N increases monotonically with decreasing q IMF , as shown in Figure 6c . However, both L and r S show a nonmonotonic variation with q IMF , peaked at q IMF = 90°. The nonmonotonic variation of L stems not only from a similar variation of r S , but also from a shift of the reconnection potential peaks toward the subsolar point as the IMF tilts northward, which can be seen from the vertical dotdashed lines in the q IMF = 90°, 45°, and 22.5°plots of the F R results in Figure 5 .
Concluding Remarks
[24] This paper proposes diagnosis methods to trace the magnetic merging line and to calculate the electric potential along it for magnetospheric magnetic fields obtained by global MHD simulations of the solar wind-magnetosphereionosphere (SMI) system.
[25] The diagnosis of the merging line is based on the fact that it lies on the separatrix spanned by Earth's last closed magnetic field lines. The construction of the merging line consists of two steps. First, we define a touch point on each last closed field line at which the magnetic field strength takes minimum on the line. The touch points thus obtained gather on the magnetic nulls at the merging line, leaving several spaces in which no touch points appear, and each null is well captured by a certain touch point. Second, a space between two adjacent nulls is filled up by one of the two last closed field lines passing through the end points of the space. The touch points and the filled spaces form a closed curve around the Earth, that is regarded as the merging line wanted. As a test, the method is applied to trace the merging line of the compound field superposed by the Earth's dipole field and the interplanetary magnetic field (IMF), for which analytic solution is available. The analytic solution of the merging line is well reproduced by the method in terms of the l-8 (latitude vs. longitude) profile, whereas small deviations appear in the vicinity of the nulls on the r-8 (radial distance vs. longitude) profile. When the method is applied to magnetospheric magnetic fields obtained by global magnetohydrodynamic (MHD) simulations, however, these deviations become less serious because of the presence of a sharper variation of magnetic field strength across the merging line, which makes the point with minimum magnetic field strength on a last closed field line closer to the merging line. On this basis, we argue that the proposed method is essentially applicable to magnetospheric magnetic fields.
[26] To evaluate the reconnection potential along the merging line, we use the radial ray integration of the convectional electric field, proposed by Hu et al. [2007] . Physically, this reflects the assumption that the plasma convection in the magnetosphere is driven by magnetic reconnection, and that we have neglected the effect of numerical resistivity and viscosity in the magnetosphere. As a matter of fact, the whole method embodies the magnetic flux balance in the magnetosphere: the magnetic flux in the dayside magnetosphere extracted by magnetic reconnection is balanced by the inflow flux created by plasma convection. To illustrate this point, we plot a loop MNQPM in Figure 7 , which consists of a segment PQ of the magnetic merging line on the sunward side, two radial rays MP and NQ reaching the two ends of PQ, respectively, and MN, which lies on the inner boundary (r = 3 R E ). Magnetic flux flows into the area encircled by the loop through the inner boundary and the two radial rays via plasma convection, whereas magnetic reconnection across PQ extracts flux from the area. The net inflow flux created by plasma convection per unit time is given by
which may be transformed into
On the other hand, the net flux extracted out of the area by magnetic reconnection per unit time is given by
where E R is the reconnection electric field along the merging line. The flux balance requires dY in /dt = dY out /dt, which, from equations (8) and (9), leads to
Here we have used the boundary condition E = Àv Â B at the inner boundary, which transforms the second integral (from M to N) in equation (8) into F N À F M . It can be easily seen that equation (10) is equivalent to the following two equations:
ðv Â BÞ r dr;
which are the same as equation (5). In a word, the radial ray integration method embodies the magnetic flux balance across the merging line.
[27] The diagnosis methods are applied to magnetospheric magnetic fields associated with different IMF clock angles, and a preliminary analysis is presented on the clock angle response of the geometry of the merging line and the associated reconnection voltage and electric field. While most of the results are within our expectations, we can still make several preliminary conclusions as follows. (1) The merging line is largely similar to that of the compound field superposed by the Earth's dipole field and the IMF, so that one can use the compound field to mimic real magnetospheric magnetic fields in topology. (2) The reconnection voltage, which is more relevant to the coupling between the solar wind and the magnetosphere, seems to be better fitted by sin 3/2 (q IMF /2) for its response to the IMF clock angle q IMF . The ionospheric transpolar potential and the voltage along the polar cap boundary show different dependence from that of the reconnection voltage, so it is not justified to take them as substitutes for the reconnection voltage. (3) The length of the sunward merging line between the two peaks of reconnection potential shows a nonmonotonic variation in response to q IMF , peaked at q IMF = 90°, so it is also not justified to take electric fields along the merging line, however defined they may be, to characterize the total reconnection rate and the coupling strength between the solar wind and the magnetosphere. (4) The reconnection nearby magnetic nulls closest to the subsolar point is found to be negligible, which gives support to the component reconnection hypothesis for dayside reconnection of quasisteady states of the SMI system.
[28] The proposed diagnosis methods of the merging line and its electric potential distribution are applicable only to steady states. While the diagnosis of the merging line may not require steadiness of the SMI system, a diagnosis of the electric potential becomes meaningless for unsteady cases since the curl of electric field does not vanish. For timedependent cases, which are most important, one has to find other ways to calculate the reconnection electric field or the reconnection rate. According to Cassak and Shay [2007] and Borovsky [2008] , the reconnection rate is determined by local plasma parameters near and the geometry of the inflow and outflow to the reconnection site. If this is the case for time-dependent cases, then the reconnection rate may be evaluated from the Cassak-Shay formula and its extension to the component reconnection. Therefore, it is instructive to make a detailed comparison between the results obtained by the present diagnosis method and the Cassak-Shay formula for quasi-steady state cases, and we leave this task to future efforts. Finally, the IMF clock angle dependence for the reconnection electric field and voltage along with the diagnosis methods needs to be further examined by more simulation runs with different solar wind and IMF conditions.
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[30] Zuyin Pu thanks John Dorelli and another reviewer for their assistance in evaluating this paper. Figure 7 . Schematic representation of the magnetic flux balance inherent in the radial ray integration of convectional electric field. The loop MNQPM consists of a segment PQ of the magnetic merging line on the sunward side, two radial rays MP and NQ reaching the two ends of PQ, respectively, and MN, which lies on the inner boundary (r = 3 R E ). Magnetic flux flows in the area encircled by the loop via plasma convection through the inner boundary (MN) and the two radial rays (MP and NQ), whereas magnetic reconnection across PQ extracts flux from this area. The two processes are in balance so as to maintain the invariance of the total flux in the area. The flow velocity v, the normal magnetic field B n , and the reconnection electric field E R are also schematically shown.
